These authors contributed equally to this work Background: Breast cancer remains the most lethal malignancy in women worldwide. Aberrant O-glycosylation is closely related to many human diseases, including breast carcinoma; however, its precise role in cancer development is insufficiently understood. Cosmc is an endoplasmic reticulum-localized chaperone that regulates the O-glycosylation of proteins. Cosmc dysfunction results in inactive T-synthase and expression of truncated O-glycans such as Tn antigen. Here we investigated the impact of Cosmc disruption-mediated aberrant O-glycosylation on breast cancer cell development through in vitro and in vivo experiments. Materials and Methods: We deleted the Cosmc gene in two breast cancer cell lines (MCF7, T47D) using the CRISPR/Cas-9 system and then measured the expression levels of Tn antigen. The proliferation of Tn-positive cells was examined by RTCA, colony formation and in vivo experiments. The effects of Cosmc deficiency on glycoprotein CD44 and MAPK pathway were also determined. Results: Both in vitro and in vivo studies showed that Cosmc deficiency markedly suppressed breast cancer cell growth compared with the corresponding controls. Mechanistically, Cosmc disruption impaired the protein expression of CD44 and the associated MAPK signaling pathway; the latter plays a crucial role in cell proliferation. Reconstitution of CD44 substantially reversed the observed alterations, confirming that CD44 requires normal O-glycosylation for its proper expression and activation of the related signaling pathway. Conclusion: This study showed that Cosmc deficiency-mediated aberrant O-glycosylation suppressed breast cancer cell growth, which was likely mediated by the impairment of CD44 expression.
Introduction
Breast cancer is the leading malignancy in women across the world. 1 The underlying mechanisms related to breast cancer development are yet to be defined. Mucin-type O-linked glycosylation (hereafter referred to as O-glycosylation) is one of the most common posttranslational protein modifications and has wide-ranging effects on glycoprotein stability and function. 2 O-glycosylation is involved in various biological processes, such as signal transduction, cell cycle progression, transcription, and metabolism. 3, 4 Aberrant O-glycosylation of many transmembrane and secreted proteins can translate into altered biological behaviors involving cell proliferation, differentiation, adhesion, and immune surveillance, and has thereby been associated with multiple steps of tumor progression, including breast cancer. 2, 5, 6 The O-glycosylation process is normally initiated by the addition of N-acetyl galactosamine (GalNAc) to a serine or threonine residue in proteins and is branched by other sugars to produce more complex O-glycans. 7, 8 Biosynthesis of O-glycans is solely controlled by the enzyme called T-synthase (C1galt1). 9, 10 In addition, an endoplasmic reticulum-localized molecular chaperone Cosmc is required for the activity and expression of T-synthase. [11] [12] [13] Cosmc dysfunction results in inactive T-synthase and subsequent expression of the Tn antigen, a truncated O-linked structure that is universally regarded as a hallmark for aberrant O-glycosylation ( Figure 1A) . 14, 15 Breast cancers arise in most cases from mammary gland epithelial cells. Tn antigen is seldom detected in normal mammary epithelial cells but is prevalently expressed in almost 90% of breast cancers, suggesting a prominent occurrence of abnormal O-glycosylation during the development of breast cancer. 15, 16 However, the precise role of Tn antigen (representative of abnormal O-glycosylation) in tumor progression, particularly breast cancer, is largely unclear. The prevailing studies supported a tumorpromoting role for aberrant O-glycosylation in a broad range of human cancers, including pancreatic, colorectal, and gastric cancer, [17] [18] [19] [20] whereas several recent reports indicated rather an opposite effect of aberrant O-glycosylation, which was shown to delay tumor development in breast, liver, and head and neck cancers. [21] [22] [23] Overall, there is much to be learned about the impact of aberrant O-glycosylation on breast cancer development.
In the present study, we performed a precise gene editing technology (CRISPR/Cas-9) to delete Cosmc in human breast cancer cells (MCF7, T47D), which resulted in aberrant O-glycosylation (Tn antigen expression) in cells. Our results showed that Cosmc disruption-mediated aberrant O-glycosylation markedly suppressed breast cancer cell proliferation both in vitro and in vivo. Mechanistically, we found that the expression level of CD44, a heavily O-glycosylated protein, was drastically impaired in the absence of Cosmc, which may contribute to the observed biological alterations.
Materials and Methods

Cell Lines and Cell Culture
The human breast cancer cell lines (MCF7, T47D) and a human embryonic kidney cell line (HEK293T) were obtained from the Cell Bank of the Chinese Academy of Sciences (Beijing, China). MCF7 and HEK293T cells were cultured in DMEM, while T47D cells were cultured in RPMI-1640 medium. All media were supplemented with 10% fetal bovine serum and 1% penicillinstreptomycin solution. All cells were maintained at 37°C in an atmosphere of 5% CO 2 .
The CRISPR/Cas9 System Was Used for Cosmc Depletion in Cells
To knock out Cosmc in MCF7 and T47D cells, one pair of single guide RNA (sgRNA) sequences was designed to target Cosmc. The Cosmc sgRNA sequences were: F:5′-CACC GTGTGCTTTGATCACTATGCT3′; R:5′AAACAGCATA GTGATCAAACA-CAC-3′. We cloned the sgRNA sequences into a LentiCRISPRv2 plasmid, which was cotransfected into HEK293T cells using Lipofectamine 3000 transfection reagent (Invitrogen, Carlsbad, CA, USA) with the psPAX2 and pMD2.G plasmids to generate lentivirus containing the CRISPR/Cas9 system targeting Cosmc. After transfection for 48 hrs, the produced viruses were harvested and used to infect MCF7 and T47D cells. Finally, the transfected cells were selected with puromycin (2 μg/mL) for 1 week.
Flow Cytometric Analysis
The cultured breast cancer cells were washed, collected and suspended in cold PBS (1 × 10 6 /mL). Then, the cells were incubated with a mouse anti-Tn mAb 24 or an isotype control (mouse IgM) for 1 hr on ice, followed by incubation with PE-labeled goat anti-mouse IgM (BD, 562033) for 1 h. The cells were finally resuspended in 500 μL PBS and analyzed on a flow cytometer (Canto II; BD Bioscience, NJ, USA).
Cell Proliferation Assay
The cell proliferation rate was assessed using a real-time cell analyzer (RTCA, ACEA Biosciences). Cells were suspended in the culture medium and 5000 cells were added into every well of the E-plate with 4 replicates. After incubation at room temperature for 15 mins, the E-plate was placed onto the RTCA Station in the incubator for continuous recording. Cell index values were recorded every 15 mins for a period of up to 120 hrs.
Colony Formation Assay
The cells were harvested and seeded into 6-well plates with 800 cells in each well. These cells were cultured under standard conditions for 9 days, and then fixed with methanol and stained with 0.1% crystal violet for 20 mins at room temperature. Finally, the cells were rinsed using deionized water and dried. Cell colonies consisting of >50 cells/plate were counted under anatomical lenses.
RNA Isolation and Quantitative RT-PCR Analysis
TRIzol reagent (Invitrogen, CA, USA) was used to extract total RNA from cells. The Prime Script TM RT Master Mix system (TaKaRa) was used to reverse mRNA into complementary DNA (cDNA). The relative expression level of CD44 was determined by real-time PCR analysis using SYBR Premix (Applied Biosystems, CA, USA) on an ABI 7500 Real-Time PCR system (Applied Biosystems). GAPDH was used for normalization. The amplification reaction was set as follows: 95°C for 10 min, 40 cycles of 95°C for 15 s, and 60°C for 1 min. Primer sequences were as follows: GAPDH, forward primer 5′-GAAGGTGAAGGT CGGAGTC-3′, reverse primer 5′-GAAGATGGTG-ATGG GATTTC-3′; CD44, forward primer 5′-ACCCCAACTCCA TCTGTGC-3′, reverse primer 5′-TTCTGGACATAGCGGG TG-3′.
Nude Mouse Xenograft Experiment
All animal experiments were approved according to the guidelines of Institutional Animal Care and Use Committee at Capital Medical University (Beijing, China). Six-week-old female Balb/C nude mice were obtained from Charles River Laboratories (Beijing, China). For tumor growth experiments, 2×10 6 cells were subcutaneously injected into nude mice at day 0 and tumor sizes were measured every 3 days. Xenograft volume was defined as V = L (length of tumor) × W 2 (width of tumor)/ 2. All mice were sacrificed after 21 days, and then the tumor weight and volume were measured.
Immunohistochemical Staining of Ki67
Xenograft tumors were collected, and paraffin-embedded sections were prepared. For immunohistochemistry staining, tumor sections were deparaffinized in xylene and rehydrated in graded alcohols. Then, sections were treated with 3% hydrogen peroxide for 15 mins and incubated with 10% goat serum for 30 mins to decrease nonspecific binding. After washing three times in PBS, the sections were incubated with anti-Ki67 (1:500, ZSGB-BIO, China, ZM-0166) at 4°C overnight, followed by incubation with peroxidase labeled secondary antibody at room temperature for 30 mins.
The nuclei were counterstained with hematoxylin for 5 min, dehydrated, and mounted for microscopic examination.
Western Blotting Analysis
The cells were washed with cold PBS, scraped in RIPA lysis buffer and lysed for 20 mins. Protein concentrations were determined using a BCA assay kit (Thermo Fisher, MA, USA). Electrophoresed samples were separated by SDS-PAGE, transferred onto PVDF membranes (Millipore, MA, USA) and blocked using 8% nonfat milk for 1 hr at room temperature. After washing in TBST, the membranes were incubated with primary antibodies at 4°C overnight. Then, the membranes were washed three times in TBST before the addition of HRP-labeled secondary antibodies. 
Reconstitution of CD44 in Cells
The CD44 lentivirus plasmid and control lentivirus vector were obtained from Hanbio Biotechnology (Beijing, China). The cells were seeded in 6-well plates with complete medium and transfected with the lentiviral particles with or without a CD44 gene insert using Lipofectamine 3000 (Invitrogen, CA, USA). After 48 h of transfection, the expression levels of CD44 protein were determined by Western blotting.
Statistical Analysis
All values were presented as the mean±standard deviation (SD). Student's t-test (unpaired, 2-tailed) was used to analyze significant differences between groups and p<0.05 was considered significant.
Results
Cosmc Disruption Causes Tn Antigen Expression in Human Breast Cancer Cells
To study the biological roles of aberrant O-glycosylation, we first deleted the gene encoding Cosmc ( Figure 1B) , which is specifically required for the normal process of O-glycosylation, 25 using the CRISPR/Cas9 system in human breast cancer cell lines MCF7 and T47D. Cosmc depletion was validated by Western blotting analysis. The results demonstrated that T-synthase was also absent in Cosmcdeficient cancer cells, which was in line with previous studies that the expression of T-synthase is dependent on Cosmc ( Figure 1C ). 26 We then used flow cytometry to analyze aberrant O-glycosylation by measuring the expression of Tn antigen in cells. The results revealed that both Cosmc-deficient breast cancer cell lines showed abundant Tn antigen expression (Tn-positive), indicative of the occurrence of aberrant O-glycosylation. In contrast, the control cells transfected with mock plasmids had no detectable Tn antigen (Tn-negative) ( Figure 1D ). Additionally, HPA lectin blot analysis showed Tn antigen structures abundantly present in whole cell lysates of MCF7 and T47D Tn-positive cells ( Figure 1E ).
Cosmc Disruption-Mediated Aberrant O-glycosylation Inhibits Breast Cancer Cell Growth
We next assessed the biological effects of aberrant O-glycosylation on breast cancer cell growth. We used RTCA to measure the cell proliferation ability and found that both Cosmc-deficient cancer cells expressing high levels of Tn antigen (Tn-positive) had decreased cell proliferation rates relative to the control cells that were Tnnegative ( Figure 2A) . Likewise, the results of the colony formation assay showed that both Tn-positive MCF7 and T47D cells formed fewer colonies in contrast to the control Tn-negative cells ( Figure 2B ). We further performed in vivo experiments to confirm these in vitro results. Here, we used both Tn-positive MCF7 and T47D cells along with the corresponding Tnnegative control cells to establish a subcutaneous tumor formation murine model. After 3 weeks of inoculation, we found that the size and weight of Tn-positive xenotransplants were much smaller than those in the control (Tn-negative) mice ( Figure 3A-C) . We further used immunohistochemical staining of Ki67 to examine the rate of breast cancer cell proliferation in mice. The results showed that the number of Ki67-positive cancer cells was markedly reduced in mice treated with Tn-positive cells compared with mice treated with Tn-negative cancer cells ( Figure 3D ). Altogether, these results suggested that Cosmc disruption-mediated aberrant O-glycosylation inhibited breast cancer cell growth both in vitro and in vivo.
Cosmc Deletion Impairs CD44 Expression and the Associated MAPK Signaling Pathway
We next aimed to explore the molecular mechanisms underlying decreased breast cancer development in the absence of Cosmc. CD44 is a non-kinase transmembrane glycoprotein and is closely implicated in intracellular signaling involved in cell proliferation and motility. 27 CD44 is also an abundantly O-glycosylated protein in the mammary gland. Altered expression of CD44 has been correlated with breast cancer development and poor prognosis. 28 Thus far, it is uncertain whether aberrant O-glycosylation impacts the function and/or expression levels of CD44.
Here, we observed that in both Tn-positive breast cancer cell lines, CD44 expression was remarkably downregulated at the protein levels compared with that in Tn-negative cells ( Figure 4A ). Of note, there were no appreciable changes in the mRNA levels of CD44 between Tn-positive and negative cancer cells ( Figure 4B ). It is theoretically assumed that O-glycosylation is a posttranslational modification and may not directly affect substrate glycoproteins at the mRNA levels.
Our results hence suggest that correct O-glycosylation is critical for the expression of CD44.
Accumulating evidence has demonstrated that CD44 interacts with a wide range of signaling pathways to mediate its roles. 29 Of these, the MAPK pathway is primarily associated with cell growth in various human cancers. 30 We conducted Western blot analysis to determine the phosphorylation of MAPK signaling molecules. The results demonstrated that the phosphorylation of ERK1/2, JNK and P-38 MAPK in both Tn-positive cancer cells was appreciably reduced when compared with that in the control cells (Tnnegative) ( Figure 4C ). These observations suggested that Cosmc disruption-induced aberrant O-glycosylation alters the expression of glycoproteins such as CD44, which further inhibits cell growth by impairing the MAPK signaling pathway.
Reconstitution of CD44 Restores Defective Cellular Growth
To further confirm the above findings, we transiently transfected human CD44 into these Tn-positive breast cancer cells caused by Cosmc depletion. Western blot confirmed the reexpression of CD44 in these cells ( Figure 5A) . As a consequence, we observed that CD44 reconstitution significantly enhanced the cell proliferation rate when compared with the control cells transfected with empty vectors ( Figure 5B ). 
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Accordingly, CD44 re-expression in both Tn-positive cancer cells activated the MAPK signaling pathway, as evidenced by an enhancement of ERK1/2, JNK and P-38 phosphorylation ( Figure 5C ). Our findings indicated that loss of Cosmc led to aberrant O-glycosylation (characterized by Tn antigen expression), which further inhibited the expression of key glycoproteins such as CD44 and the associated signaling pathway related to cell proliferation in breast cancer development.
Discussion
O-glycosylation occurs on many transmembrane and secreted glycoproteins and is critical for protein expression and/or function. 31, 32 Aberrant O-glycosylation (characterized by the expression of Tn antigen) has been frequently observed in many human cancers, including breast cancer. 5, 33, 34 There are a few proposed mechanisms that may influence the O-glycosylation process and lead to Tn antigen expression. 35 Of these, dysfunction of T-synthase and/or its specific molecular chaperone-Cosmc constitute the prevailing causes. 36, 37 T-synthase and Cosmc deficiency equally impair the biosynthesis of O-glycans and induce Tn antigen expression. 14 Aberrant O-glycosylation has been considered to play a causative role in tumor development and progression. 38, 39 However, some contradicting reports on the biological role of aberrant O-glycosylation in many cancers were recently published. 40 Most studies support the notion that aberrant O-glycosylation promotes tumor development and metastasis in various human cancers. For example, it has been reported that disruption of either Cosmc or T-synthase equally induced aberrant O-glycosylation and significantly promoted malignant behaviors in pancreatic cancer. 18, 19 Liu et al also showed that Cosmc deficiency in human colorectal cancer cells markedly enhanced cellular growth and metastasis. 41 Conversely, several recent studies unexpectedly found that loss of T-synthase, but not Cosmc, resulted in Tn antigen expression and subsequently delayed tumor development including breast, head and neck, and hepatocellular carcinoma. [21] [22] [23] It appears that aberrant O-glycosylation may exert opposite effects in different types of cancers, which requires more investigations.
In the present study, we studied the functional impact of Cosmc deprivation-mediated aberrant O-glycosylation on breast cancer development through in vitro and in vivo investigations. In two human breast cancer cell lines (MCF7, T47D), we found that Cosmc loss-of-function and subsequent expression of Tn antigen reproducibly suppressed breast cancer cell growth. Accordingly, the results from in vivo experiments demonstrated that mice bearing Tn-positive cancer cells exhibited an obvious reduction in tumor size and weight in comparison with mice treated with Tn-negative cells. In addition, significantly decreased cell proliferation was confirmed by the staining of Ki67, a canonical marker for cell proliferation, 42 in mice bearing Tn-positive cancer cells. Our findings are in accordance with a recent report showing that T-synthase deficiency-mediated aberrant O-glycosylation delayed mouse breast cancer development. 21 This suggests that either Cosmc or T-synthase disruption-mediated aberrant O-glycosylation has similarly inhibitory effects on breast cancer development.
We next explored the mechanisms by which Cosmc disruption-mediated aberrant O-glycosylation inhibited breast cancer development. It is known that loss of Cosmc produces global effects on protein O-glycosylation, 43 which may influence the expression and/or function of various O-glycoproteins that modulate mammary gland proliferation. Of particular interest, CD44 is a highly O-glycosylated glycoprotein that plays an essential role in multiple biological processes. 27 CD44 also has a functional role in maintaining the stemness of cancer stem cells. 44 Overexpression of CD44 is frequently observed in breast cancer and correlates with cancer progression and poor outcomes. 45, 46 CD44 has been reported to activate many signaling pathways including Rho GTPases, PI3K/AKT, and MAPK, to mediate its roles. 29, 47 Because MAPK is primarily associated with cellular proliferation, we determined the changes in CD44 and the associated MAPK signaling pathway in Cosmc-deficient breast cancer cells. We found that loss of Cosmc significantly impaired the expression of CD44 at its protein levels but not its mRNA levels, implying that O-glycosylation may affect posttranslational protein stability or degradation. Previous studies also revealed that O-glycans can protect glycoproteins from proteolytic attack. 48 In addition, we observed that the MAPK signaling pathway, which is known to be one of the downstream pathways for CD44 and is essential for cell proliferation, was hampered in the absence of Cosmc. The reconstitution of CD44 could substantially reverse these changes, further confirming that CD44 and its related MAPK signaling may account for the aberrant O-glycosylation-mediated biological consequences in breast cancer. However, it is noticeable that breast cancer cells may have many other O-glycan substrates and identifying more key glycoproteins and related downstream signaling molecules for a comprehensive understanding of the role of aberrant O-glycosylation is highly warranted.
In conclusion, we revealed that Cosmc disruption can cause abnormal O-glycosylation in breast cancer cells, which further delays tumor cell proliferation in vitro and in vivo possibly through impairment of the CD44 glycoprotein. This study provides novel insights into the functional role of Cosmc, and further investigations are considered in the future.
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